Abstract-The small-signal voltage and current distributed effects in the polysilicon and intrinsic base regions of long stripe bipolar junction transistors (BJT's) at high frequencies are investigated, and simple analytic equations describing the voltage and current distribution in these regions are derived. It is shown that the frequency-dependent debiasing effects in the polysilicon contacts and intrinsic base region change the current behavior and modulate the input admittance. The current and voltage distributions in the polysilicon region are nonuniform and vary with frequency. Conventional two-dimensional (2-D) device simulations cannot accurately predict this three-dimensional (3-D) effect. A quasi-3D simulation scheme combining a 2-D device simulator and the distributed model is presented to properly and efficiently describe the input characteristics of the device at high frequencies. It is also shown the use of various polysilicon sheet resistances, geometry sizes, and layout structures changes the distributed characteristics and modulates device performance at high frequencies. The impact of the layout structure and geometry size on RF circuit design due to the distributed effects is also studied.
with increasing frequency as a result of a high-frequency internal biasing effect. Several authors [2] [3] [4] have modeled the base impedance with a uniform transmission line in the intrinsic base region to account for the ac distributed effect at high frequency operations. However, in double polysilicon bipolar transistors [5] , [6] , the distributed characteristic in the polysilicon base region can also be significant at high frequencies, and no studies of this effect has been reported. Neglecting this effect may result in an inaccurate estimation of input impedance in the transistor and a poor design of an amplifier.
In this paper, we concentrate on the distributed effect in the polysilicon base region and its effect on the input characteristics of transistors and circuit performance. Since the distributed effect is a 3-D problem, a 3-D device simulator is required to characterize the input behavior of the device. However, 3-D device simulations are rarely used in device design due to extensive demands on hardware and CPU time. An accurate and efficient quasi-3D simulation scheme is proposed to characterize the input behavior of stripe bipolar junction transistors (BJT's) at high frequencies. In the scheme, a 2-D device simulation of FLorida Object Oriented Device Simulator (FLOODS) [7] , [8] is combined with an analytical model to deal with the voltage and current nonuniformity in the third dimension of the device due to the distributed effects in the base polysilicon region. In high frequency simulations, the parasitic effects are extremely important. A coupled device/circuit simulator can take into account the parasitic effects and solve the device characteristics efficiently. Currently, these types of simulators have been applied to the steady state and transient cases of devices and circuits [9] , [10] . However, the capability of performing ac simulations, one of the most important applications, is not yet available. A "tightly coupled" device/circuit simulation scheme is implemented into FLOODS for dc and ac simulations and the results are verified by comparing with the measured data. Uses of various base polysilicon sheet resistances, layout structures, and geometry sizes on the ac performance of BJT's are also investigated. The importance of the distributed effects on the RF circuit design is demonstrated as well. Fig. 1 illustrates three popular layout structures usually used in radio frequency (RF) design with double-polysilicon selfaligned BJT technologies. A single metal base (SMB) contact layout structure indicated in Fig. 1(a) has a metal base contact at one side of polysilicon contact (NPOLY, or Near POLY). The base current at the other side of emitter is conducted through FPOLY (Far POLY) in the -direction. The distributed effect occurs in FPOLY due to the relatively higher polysilicon sheet resistance than metal resistance. This structure is used as an example to model the 3-D base distributed effects. The same methodology is also applicable to an interdigitated structure [ Fig. 1(b) ], where the metal base contact locates at the short edge of emitter. Base current injecting into the active base region flows through two polysilicon fingers and the distributed effect takes place in both fingers. A double metal base (DMB) contact structure illustrated in Fig. 1(c) has a metal contact at each side of the base polysilicon contact. The distributed effect along the -direction is negligible since the metal sheet resistance is quite small resulting in uniform voltage and current density distribution in the -direction. Therefore, a DMB structure is equivalent to a 2-D device simulation structure where the voltage and current are assumed to be constant in the third dimension. Fig. 2(a) shows the distributed network representation of a rectangular active base region if the emitter and collector contacts are ac grounded [2] . The diode represents the junction between the base and emitter, is the lumped extrinsic base resistance between polysilicon contact and intrinsic base region, is the intrinsic base resistivity, and the capacitance accounts for the base-collector depletion capacitance under the emitter area and the geometric parasitic capacitance of the device. At a specific dc bias, the diode can be linearized by a parallel differential resistance and a capacitance if the series inductance is negligible [11] . The small-signal admittance of a section can be represented by at a specific angular frequency where includes the diffusion and depletion capacitance of the base-emitter junction and
II. MODEL DEVELOPMENT
The complete small-signal equivalent circuit is plotted in Fig. 2(b) .
At high current densities, high-current effects such as the Kirk effect [12] cause an increase of the transit time and, hence, a reduction of the cutoff frequency Because of this, we thus limit our interests in the current range where the maximum is achieved. For the BJT device analyzed in [13] , the maximum is achieved at V. Under this condition, the dc debiasing effects in the intrinsic base as well as polysilicon base regions are not significant (see [13, Fig. 3 ]) and the current injection from base to emitter is approximately constant in the intrinsic base area. Thus, can be assumed to be uniform across the intrinsic base region, and the network becomes a uniform RC transmission line.
The governing equations of the transmission line model can be expressed as second-order differential equations [3] . The solutions, the small-signal voltage and transverse current density in the intrinsic base region [see 
The small-signal -relations at the boundaries of the intrinsic base region are
and (5b) where (6) (7) and is the intrinsic base length. Using the same treatment as in the dc model [13] , the relations of the terminal current densities and voltages at the polysilicon base contacts are given by (8a) and (8b) where (9) ( 10) and (11) The following assumptions are made in the derivation of the distributed model in the base polysilicon region.
1) The capacitance associated with the polysilicon base is neglected since it is in parallel with and much smaller than 2) Since we limit our interests in the bias conditions before high current effects occur, the dc voltage bias is approximately constant along FPOLY, as can be seen in [13, Fig. 3 ].
3) The admittance is constant everywhere in the intrinsic base region due to the small dc voltage variation in FPOLY and the intrinsic base region. 4) The small-signal voltage along lineN in NPOLY [see Fig. 1 (a)] is constant due to the small debiasing effect in NPOLY. Therefore, following the same methodology used to solve the dc problem, the analytical solutions of voltage and current in FPOLY can be written as (12) and (13) where is half of the emitter stripe length, is the resistivity of base polysilicon (14) and is the cross section area of FPOLY. If the current injection from the short edges of emitter stripe is negligible, then the boundary conditions of small-signal voltage and current are given by (15) and (16) where is the connecting polysilicon resistance between NPOLY and FPOLY and (17) Note that the only variable in (15) and (16) is which is the given small-signal bias at NPOLY. 
III. RESULTS AND DISCUSSION
A device with a cutoff frequency of 32 GHz is used for the analysis. The device parameters are summarized in Table I . In all cases, dc biases V and V are applied to the transistor. Fig. 3 shows the amplitude of the small-signal voltage along FPOLY at different frequencies. At low frequencies, the base current in the intrinsic base region is dominated by the current conducted through the resistance This current is small and has no significant debiasing effect in the active and polysilicon base regions. There is also no phase delay due to the insignificant capacitive characteristics of the network, as can be seen in Fig. 4 . The displacement current through increases with the frequency and eventually dominates the base current at high frequencies. The increasing current causes larger ohmic voltage drops along the FPOLY. For instance, the amplitude of the total small-signal current flowing through the FPOLY at 27 GHz is ten times larger than that at 1 GHz. The variation of small-signal voltage in FPOLY is more than 60% at a frequency of 27 GHz, whereas the variation is within 7% when the operation frequency is 1 GHz. The phase delay also increases at higher frequencies due to the prominent capacitive characteristics.
The modeled small-signal base current densities injecting from the polysilicon contact to the active base region are shown in Fig. 5 as a function of position in the base polysilicon. Fig. 5(a) illustrates the current densities when the operating frequency is 1 GHz. At this frequency, the current injection across the junction is approximately constant since the ohmic voltage drop is so small along the base polysilicon as well as in the intrinsic base region. However, the small ac debiasing in FPOLY does cause small but asymmetric ac biases between the base contacts. A similar current dividing phenomenon takes place in the intrinsic base region as that observed in the dc asymmetric bias conditions [13] . An obvious nonuniform current distribution is observed in both sides of the base polysilicon contacts and both the real and imaginary currents exhibit the compensation property as seen in the dc low current injection cases, i.e., the current lost in the FPOLY is balanced by the increase of current in the NPOLY, and the total current is approximately constant compared with the case of uniform bias in the FPOLY. As the frequency increases, the debiasing effect along the FPOLY becomes significant due to the increasing current resulting in a large decrease of ac voltage across the junction in the active base region. Thus, the total current decreases compared with the case of uniform bias in the FPOLY. Fig. 5(b) shows the current densities at 27 GHz. Note the ac current at 27 GHz is higher than that at 1 GHz which results in the considerable debiasing effect in FPOLY. Both the real and imaginary currents at both sides decrease toward the center of polysilicon base. So, both the real and imaginary base current calculated by a model that does not take into account the distributed effects in the polysilicon base region will be overestimated.
To characterize the high-frequency performance of a transistor, 2-D device simulations are frequently used. A key assumption of the simulations is that the voltage and current distribution in the third dimension are uniform. The results obtained using our 3-D distributed model suggest the assumption may be invalid in certain structures; for some cases, a 3-D device simulator is required. However, 3-D device simulations are rarely used in device design due to extensive demands on hardware and CPU time. The use of a 2-D device simulator coupled with the analytical model to handle the variation of voltage and current in the third dimension is an efficient way to characterize these transistors.
IV. QUASI-3D SIMULATIONS
The distributed model is coupled to FLOODS by effective contact lengths. Referring to the base current density plot as shown in Fig. 5 , the total current associated with each side of the polysilicon base contact is the integration of the current density along the polysilicon length -direction) which can be expressed as (18) and (19) is also equivalent to the current density at the edge of polysilicon contact times the effective contact length , i.e., Fig. 6 illustrates the definition of effective lengths in the NPOLY and FPOLY for the current densities shown in Fig. 5(a) .
of NPOLY is longer than the actual polysilicon contact length since the current density increases along NPOLY. In contrast, of FPOLY is shorter than due to the decreasing current density along FPOLY. Thus, if we obtain the edge current densities from FLOODS 2-D simulations and multiply by the from the model, we get the actual contact current from the nonuniform 3-D effect of the transistor.
The comparison of from the model and FLOODS 3-D simulations are plotted in Fig. 7 as a function of frequency and base polysilicon sheet resistance At low frequencies, of NPOLY is longer and of FPOLY is shorter than m). The use of higher increases the difference. However, the sum of the two 's approximately equals two times due to the division of the constant base current between the two polysilicon contacts when the debiasing in the intrinsic base region is negligible. At intermediate frequencies, the magnitude of the small-signal voltage in FPOLY decreases slightly while the phase delay results in a shift from imaginary The shaded area indicate the total current associated with each polysilicon base contact, which is also equivalent to the product of and to real current. Thus, the real 's become longer and the imaginary 's are shorter for both sides of the polysilicon contacts. As the operating frequency further increases, both the real and imaginary 's decrease for both contacts due to the large debiasing in FPOLY. The use of smaller in polysilicon contacts reduces the influences of debiasing effects of the SMB structure is similar to that of the DMB at low frequencies. The use of 2-D simulation can accurately predict the input characteristics of the SMB devices in this frequency range. However, of the SMB structures deviates from that of the DMB at high frequencies due to the debiasing and phase delay in FPOLY. The higher the sheet resistance, the larger the debiasing and phase delay, resulting in a bigger discrepancy between of the SMB and DMB structures. Two-dimensional simulation can no longer properly describe the input behavior of a SMB transistor at this condition. In contrast, quasi-3D simulations match the results of 3-D simulations at all frequency ranges of interest for various values of To accurately simulate high-frequency characteristics of a transistor, the simulation structure must include all of the related parasitics outside the active region. In this device, the total area of interest is nine times larger than the active region. Since the structure contains sections which can be represented by lumped resistances or capacitances, simulation of the whole structure would be inefficient. The replacement of these large resistive or capacitive structures with lumped circuit components reduces a tremendous number of grid points which in turn reduces CPU time and memory requirements. To solve this problem, a circuit simulator has been implemented and tightly coupled to FLOODS where the device and circuit equations are solved simultaneously with Newton's method. The "tightly-coupled" method [9] requires no iteration between device and circuit simulations and exhibits better convergence than the "loosely-coupled" method [10] , [14] , [15] . In the equivalent structure, the device characteristics outside the active region are represented by lumped circuit components. The parasitic values can be obtained either from measurement or separate simulations. Two-dimensional ac simulations are done to evaluate the parameters of the device. The coefficients and can be extracted from two 2-D ac device simulations with two different small-signal voltages applying to while is fixed. The knowledge of the detail device parameters, i.e., etc., is not required in this method. For each curve shown in Fig. 8 , quasi-3D simulation requires about 400 M bytes of memory space and takes less than 4 h running on a Sun Ultrasparc 2 computer. In contrast, a 3-D simulation requires 1.5 G bytes of memory space running for more than 30 h.
The comparison of the measured and simulated 's of a BJT described in [13] is shown in Fig. 9 as a function of frequency. Fig. 9 shows both the 2-D and quasi-3D simulations are in agreement with the measured data at low frequencies since the debiasing is not significant at this frequency range. At high frequencies, 2-D simulation always overestimates the small-signal base current resulting in higher values of In contrast, a quasi-3D simulation which takes into account the nonuniform distributed effect is in agreement with the measured data. The error of at cutoff frequency GHz) is 2 and 21% for quasi-3D and 2-D simulations, respectively. The small discrepancy in the imaginary of the quasi- 3D simulation is probably due to the complicated parasitic network which cannot appropriately represented by the simple lumped circuit network.
V. STRUCTURE AND GEOMETRY DEPENDENT AC PERFORMANCE
The distributed effects acting in FPOLY of the SMB structure strongly influence the small-signal current behavior at high frequencies. For the interdigitated structure, similar distributed effects take place in both base polysilicon contacts. The modulation of current at high frequencies is more significant than in the SMB devices since debiasing occurs in both fingers of interdigitated structure. Fig. 10 compares for the DMB, SMB and interdigitated structures with /sq. It is seen that both the real and imaginary parts of of the interdigitated structure are smaller than that in the SMB device at high frequencies, and the deviation from of DMB is more significant compared with SMB devices. Thus, the characterization of the interdigitated structure with 2-D simulations results in a more significant error than the SMB structure. The input and output small-signal current driving capability is usually assumed to be linearly proportional to the stripe length, and the phase delay in the polysilicon contacts are neglected.
behaves similarly as so the discussion will focus on For the DMB structure, there are no distributed effects in the polysilicon contacts. Therefore, is linearly proportional to the stripe length. The phase delays are also the same regardless of the length of the stripe used. Figs. 11  and 12 show the magnitude and phase of However, in the presence of distributed effects, debiasing along FPOLY in the SMB and the fingers in interdigitated structures reduces the input and output current drive and degrades the linearity at high frequencies. The signal propagating along FPOLY and the fingers also requires a longer time compared with that of the DMB structure resulting in additional phase delay. A longer stripe further degrades the current drive capability and enlarges the RC delay unless a very low value of is utilized. The sheet resistance of the base polysilicon contact plays a key role in determining current drive capability and phase delay in SMB and interdigitated devices.
The interdigitated structure has worse current driving capability and larger phase delay than the SMB device since the debiasing effects and RC delay take place in both polysilicon contacts. Due to distributed effects in the base polysilicon, at its worst, the current in a SMB device is totally supplied by NPOLY. For the interdigitated structure, the distributed effects keep affecting the current and phase delay as the frequencies and stripe length increase. Consequently, the input and output current drive of SMB devices increase monotonically, while the current supply of interdigitated devices tends to saturate as the stripe length increases. At the same time, the phase delay of the SMB is limited while that of the interdigitated structure keeps increasing following the increase of stripe length.
VI. CONCLUSION
An ac model has been developed to study the high frequency distributed effect of voltage and current in the intrinsic and polysilicon base regions. The small-signal voltage and current distributions in both regions have been described completely by the model. By the introduction of the effective contact length, the model has been used in conjunction with a 2-D device simulator for quasi-3D simulations.
was extracted from quasi-3D simulations and compared with data from 3-D simulations and measurement. The results showed the quasi-3D simulations is accurate and significantly efficient than 3-D simulations.
The varied characteristics due to the use of different layout structures require individual design of the matching network. It is demonstrated that using 2-D device simulation, or applying an output matching network designed for a DMB structure to a SMB and interdigitated structure results in a significant degradation in the power gain. The stability properties can also be degraded in other cases. Therefore, the distributed effects must be taken into account in the design of SMB and interdigitated devices.
